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Introduction

46
Fat, oil and grease (FOG) is a by-product from food processing sites (meat plants, etc.), food service 47 establishments (restaurants, etc.) and domestic properties. Oils and fats are a subsection of lipids that 48 are composed of fatty acids, triacylglycerols and lipid soluble hydrocarbons (Husain et al. 2014) . 49
FOG exists in most spectrums of food production. FOG is obvious in the form of used cooking oil 50 (UCO) from deep fat fryers but it is also present in salad dressing, sauces and even in dairy based 51 foods such as ice cream and coffees (Davis et al. 2011 ). Williams Appropriate waste management is recognised as a prerequisite for sustainable development 86 (Papargyropoulou et al. 2014) . To effectively manage FOG, the waste hierarchy (European 87 Parliament Council 2008) must be utilised. The waste hierarchy refers to prevention as the preferred 88 method when tackling waste but when this is not feasible the 3Rs (reduce, reuse or recycle) are the 89 next option (Figure 1 ). Sustainable resource management is grounded on the ideal that 'waste' can be 90 a 'resource', potentially creating a circular economy and a sustainable urban environment around a 91 renewable waste stream. 92 93 Figure 1 Waste Hierarchy in relation to FOG management. Adapted from European Parliament Council (2008) .
94
One of the most common methods to reduce the detrimental effects of FOG waste is through 95 awareness and education campaigns with stakeholders. Many of these initiatives entail promotion of 96 simple practices which can prevent large volumes of FOG waste from entering the drains. These 97 practices range from dry wiping dishes prior to washing operations to allowing waste oil to cool and 98 dispose of it with general waste. These practices do not prevent the residual FOG in washing 99 operation wastewater from entering the sewer, therefore further preventative measures are required, 100 particularly in food service outlets (FSOs), which are one of the main contributors of FOG to sewer 101 systems in urban centres (Curran 2015) . 102 FOG can reduce sewer diameters and can completely block pipes (Ashley et al. 2000) causing 131 flooding or sewer overflows, especially in combined systems. A sewer blockage outside a site does 132 not necessarily signify that the primary polluter is at that location. A study made in the US suggested 133 that FOG accumulates between 50 m and 200 m downstream from the source of FOG (Keener et al. 134 2008) . The sewer age, diameter and gradient contribute to the location of FOG blockages. The UK has 135 one of the oldest sewer systems in the world with 26% of UK sewers built between 1914 and 1945 136 and 24% built prior to this period (Clarkson 2014) . In Dublin city, the oldest intact sewer dates back 137 to 1852 (Whitney 2014 ). These sewers were not designed for the current populations. In Dublin, the 138 populations have increased by 340% from the year 1841 to 2011 (Central Statistics Office 2011). 139 140 Upgrading the sewer network is financially not feasible. In the UK, to replace the 302,000 km of 141 existing sewers, it would cost circa £104 billion (Clarkson 2014) . In contrast, the annual UK cost of 142 pipeline maintenance by removing FOG deposition ranges from £15-£50 million (Pastore et al. 2015) . 143 144 FOG deposits can impact human health and the environment. FOG tends to clog drains and sewers, 145 causing odour nuisance and leading to the corrosion of sewer lines under anaerobic conditions (Lemus 146 et al. 2004 , Husain et al. 2014 ). The release of sewage causes water contamination and exposure to 147 pathogens (Bridges 2003) . FOG is thought to contribute to 25 -37.5 % of sanitary sewer overflows 148 (Keener et al. 2008 ). The Hong Kong Drainage Services Department (DSD) claimed in 2000 that 149 more than 60% of sewer blockages were due to excessive build-ups of grease (Chan 2010) . To put 150 this in context in the UK, 24,750 flooding events per annum are due to sewer blockages (Arthur et al. 151 2008) with approx. 12,000 blockages/annum due to FOG deposits (235 sewer blockages a week 152 across the UK). The processes which lead to FOG deposit formation will be covered in Section 3.2. 153
154
In China, an additional concern is 'gutter oil', which is the oily material recovered from drains and 155 grease traps which is reused in cooking applications (Lu et al. 2013 
FOG waste deposit formation 178 179
FOG-related blockages in sewer lines were once portrayed purely as the cooling of fats. It was 180 originally hypothesised that the liquid fats produced during the cooking process passed through grease 181 traps (if present) and discharged into sewer pipes. Due to the low temperature and hydraulic pressure 182 of sewage, FOG solidified gradually and adhered to walls of the sewer interior. This then restricted 183 the flow of wastewater (Gu et al. 2015) . However, Keener et al. (2008) theorised that FOG deposits 184 are basically metallic soaps. The reaction begins at the FSO discharge. FOG is removed from 185 dishware during cleaning, and interacts with excess cleaning products and sanitizers to begin the 186 saponification process (conversion of a fat to a soap by treating it with an alkali). The sanitary sewer 187 system contains wastewater with minerals and naturally present metal ions. Within the sanitary sewer 188 system, the strong oxidizing agents hydrolyse (breakdown in the presence of water) the FOG in the 189 presence of metal ions to produce metallic soaps (Ducoste et al. 2008b , Williams et al. 2012 ). Keener 190 et al. (2008) showed that the FOG deposits contain high concentrations of saturated acid, which is 191 primarily palmitic acid, and contain calcium as primary metal. According to He et al. (2013) and water can be discharged to the sewer (Ragauskas and Ragauskas 2013). Grease trap is often the term 238 used to classify kitchen grease separation devices smaller than 55 gallons (US) while grease 239 interceptors is the term used to denominate larger outdoor devices with a minimum size of 750 240 gallons (US) (Engle 2006) . For the purpose of this study, passive grease trap will refer to all grease 241 traps which function solely by gravitational separation and retention capacity, regardless of size. 242
Grease recovery unit (GRU) will refer to any unit which separates the FOG-rich lipid layer 243 (recoverable organic fraction from GTW) with a skimming mechanism on site. 253 These standards define grease as 'substances of vegetable and/or animal origin, of a density less than 254 0.95 g/cm 3 , which are partially or totally insoluble in water and saponifiable'. These standards state 255 that the frequency of inspection, emptying and cleaning of the grease traps should be determined with 256 regard to the grease and sludge storage capacity of the separator and in accordance with operational 257 experience. These standards declare that unless otherwise specified, grease traps should be emptied, 258 cleaned and refilled with clean water at least once a month and, preferably, every two weeks. The national water service authorities have the option to permit a GTS, despite it not meeting the 283 sizing requirements, if they deem it suitable. GRUs, which skim the FOG layer out of the system 284 daily, are also an option as they are smaller in size but they require daily maintenance by staff. The 285
Plumbing and Drainage Institute (PDI) G 101: Testing and Rating Procedure for Hydro Mechanical 286
Grease Interceptors (2010) is often used for testing and sizing these grease traps. This standard is used 287
in Europe as there is currently no official standard for the sizing of GRUs. higher FFA content is due to the presence of detergents and sanitizers which enhance the hydrolysis 320 of triglycerides in GTW (Weiss 2007 enhancing the degradation of several fats and oils by 37-62%. However, the issue that municipal 381 authorities have with microbial additives is that they may degrade the FOG to congeal further down 382 the line in the sewer or in the WWTP. Bacteria associated with wastewater preferentially degrade 383 unsaturated fatty acids producing semi-solid, sticky material likely to block sewers. Brooksbank et al. 384 (2007) concluded that multi-species microbial inoculate can degrade significant amounts of a variety 385 of fats and oils without significantly modifying the fatty acid composition and may thus help keep 386 sewer lines free of grease deposits. 387
388
A study by Tang et al. (2012) showed that the use of a certain additive reduced FOG deposit 389 formation by 40%. This study dosed the product into a grease trap. It also concluded that even with 390 the use of this product, grease trap maintenance was still required. 391
392
This conclusive result appears to be that the use of degradative additives is not a sole solution for 393 Although it is assumed that these campaigns have a positive outcome, there is little published 429 information to endorse this. Regardless, education and awareness campaigns are the foundation for 430 the effective extension of any FOG management programme. The next step is to identify practices 431 that promote the complete cradle to grave management of FOG and that do not distribute the waste to 432 another sector, like landfill or composting, where it could attribute to alternative negative effects, such 433 as increased greenhouse gas emissions. 434 Services and equipment to collect, transport, and process FOG into biodiesel. Promotion campaigns educate people. Installation of higher efficiency grease traps. Provide the policies and procedures that define and regulate the programme.
International FOG management case studies 437 438
FOG management programmes are often run by water service authorities and results are frequently 439 not readily available or published. Table 3 
details various international FOG management 440
programmes which have been studied, from city scale pilot programmes to multi-country initiatives. 441
There are very few homogenous national approaches, with the positive Swedish and Norwegian 442 approach varying between several water service authorities. The management approaches are often 443 pilot programmes in areas with historic detrimental FOG problems, which react to the areas with high 444 level of sewer problems. 445
446
The campaigns mentioned in the previous section may require GTSs but standards are rarely included 447 to regulate the installation of properly sized GTSs or the maintenance of the units. Successes are often 448 recorded by the reduction of blockages but the benefits to the sewers and WWTPs are rarely assessed. 449
The following sections will detail some approaches that various countries have taken, from the multi-450 country RecOil Project to the various methods that other countries have integrated to various degrees 451 of success. 452 
EU -RecOil Project 454 455
The RecOil project was a multi country initiative involving Spain, Greece, Italy, Portugal, Belgium 
UK 471 472
Despite the fact that all FSOs in the UK have an obligation to manage effluent content under the 473 Water Industry Act (1991), a homogenous national approach has proven challenging to implement 474 and enforce from a legal perspective, especially given that water management is split between 11 475 private water service companies in the UK. Barton (2012) has reported that FOG from commercial 476 food preparation premises is implicated in 75% of the estimated 200,000 sewer blockages in the UK 477 every year, with the related cost of unblocking the sewers running to millions of pounds per annum, 478 according to Water UK. The addition of microorganisms directly to the drain or to small grease traps 479 has been reported as the most common FOG management system in the UK (Barton 2012) . inspections involve the promotion of best management practices to reduce FOG from entering the 498 sewer and to review the condition of GTSs on site. Wastewater discharged from sites is sampled 499 regularly to confirm that FOG content is under 100 mg/L, which is the limit required by the discharge 500 licence. Legal action against the FSO is an option for continued failure to comply with the standards 501 of the trade effluent discharge licence. A critical assessment of this programme is currently being 502 carried out. The United States Environmental Protection Agency (EPA) (2012) have stated that "grease from 534 restaurants, homes, and industrial sources are the most common cause (47%) of reported blockages" 535 in sewers. Requirements for FOG regulatory controls (e.g. best management practices including the 536 use of GTSs) for sites to reduce FOG blockages and WWTP interference fall under the National Pre-537 treatment Program, which ensures achieving goals set up in the Clean Water Act. This sanctions the 538 local authorities to introduce levels of management based on existing knowledge and history of the 539 area. Therefore, cities within the same state may have separate approaches. The large size of many of 540 the US cities remove the capability of monitoring every FOG producing site, therefore education and 541 outreach campaigns are essential to promote FOG preventative measures. Table 2 and Table 3 FOG not redirected from the sewer system will have detrimental effects on the sewer system, as 547 discussed throughout this paper. Diverting the FOG will produce a waste stream which must be 548 managed properly; however, it is commonly disposed of at landfill or at rendering plants. To reduce 549 costs, FSOs will often maintain the GTS in-house and unless stipulated will dispose of the GTW into 550 general waste bins. Disposal of this waste to landfills is no longer permitted in many jurisdictions 551 (Razaviarani et al. 2013) , therefore utilisation methods such as anaerobic digestion, biopolymer / 552 biochemical production and biodiesel processing are attractive alternatives. Development of these 553 processes could greatly improve the upcycling potential of this waste stream. In Europe, the energy 554 value of FOG generated by the urban population is estimated to be approximately 1,000 GWh per 555 annum and most of this value is wasted when FOG is discarded into sewer networks. The economic 556 value of recoverable biochemical products lost in wasted FOG is approximately €100 million, which 557 is often lost due to a lack of cost-effective utilisation routes. 558 559
Biodiesel 560 561
Biodiesel produced from used cooking oil has the lowest greenhouse gas (GHG) emissions among 562 biofuels and could replace 1.5% of EU28 diesel consumption (European Biomass Industry 563
Association 2015). Alkaline-catalysed transesterification is a common reaction for biodiesel 564 production. In 2009, the biodiesel production in Europe exceeded 10 billion litres, resulting in 565 approximately 1 billion litres of glycerol (Du et al. 2012) . Glycerol is a co-product of the 566 transesterification process which can be utilised for biopolymer production. For biodiesel production 567 it is preferred that the starting feedstock has the lowest concentration possible of free fatty acids 568 (FFAs) (Pastore et al. 2015) . High FFA content hinders the conversion of GTW by transesterification 569 due to soap forming with alkaline catalysts and reducing the yield of the biodiesel and glycerol 570 production (Hasuntree et al. 2011) . FFA content of <2.5% does not yield significant processing 571 difficulties for biodiesel production ). Use of waste streams such as UCO 572 avoids the food vs fuel debate (growing crops specifically for biofuel when developing countries 573 suffer famine) (Monbiot 2004 , Zhang et al. 2010 . GTW is a lower grade feedstock than UCO with a 574 higher FFA content, thus it is inexpensive to purchase but requires pre-treatment (acidic esterification) 575
and FOG separation to reduce the FFA and water content and produce a feasible feedstock for Characteristics of GTW as a biodiesel feedstock, such as strong odour, can be mitigated during the 583 pre-treatment stages, thus benefitting the final biodiesel product by removing what could be perceived 584 as potential nuisances of a product (Thompson et al. 2013) . (Environmental Audit Committee 2012). In the US, GTW generation ranges from 1,406-11,000 591 kg/annum/restaurant with a range of 0.1-40% lipid content. An estimated 1.8 billion kg/annum of 592 lipids could be recovered from GTW in the US which could produce 1.3 billion kg of biodiesel/annum 593 , Hums et al. 2016 . Wiltsee (1998) estimated that over 400 million gallons (1.5 594 billion litres) of biodiesel could be produced from GTW annually in the US which is equivalent to 595 approximately 31.5% of the total biodiesel production in 2014 (Tu 2015) . 596 597
Anaerobic co-digestion 598 599
Anaerobic treatment of fat-containing wastes presents the potential for biomethane production but 600 also inhibitory challenges to long chain fatty acid (LCFA) content (Martín-González et al. 2011). Co-601 digestion of high-fat containing wastes with other biodegradable wastes, such as organic fraction of 602 municipal solid wastes (OFMSW), has been shown to be applicable. The addition of GTW to sewage 603 sludge digesters has shown an increase of the methane yield of 9-27% when 10-30% of sludge from 604 grease traps was added (Davidsson et al. 2008) . A co-product of the process is bio-fert which can be 605 utilised for agricultural fertiliser. Various studies show similar trends that low input of GTW increases 606 the biomethane yield up until they inhibit the process. The biogas production and process limitations 607 were reviewed by Long et al. (2012) . 608
609
It has been reported that biogas generation is a less efficient way of utilizing the energy content of the 610 FOG when compared with biodiesel production (Tu 2015) . A third option that has been investigated is 611 a dual-fuel approach where the GTW is separated for use in biodiesel and anaerobic co-digestion, 612
preferably in a co-located location. 613 614
Dual-fuel integrated approaches 615 616
Dual-fuel production from restaurant grease trap waste involves the transesterification process of the 617 lipid rich FOG layer and anaerobic co-digestion of the dewatered food waste layer (Kobayashi et al. 618 2014) . This study showed that the energy produced from 1 L of GTW in a dual fuel process compared 619 to a co-digestion system only was 13.4 MJ/L-GTW compared to 9.6 MJ/L-GTW. It was also 620 investigated by Tu and McDonnell (2016) by carrying out a life cycle analysis to evaluate the energy 621 consumption and greenhouse gas (GHG) emission from the trap grease-to-biodiesel production 622 process. They hypothesised that utilizing the solids in the trap grease for anaerobic digestion (AD) 623 reduced both energy consumption and GHG emissions (Tu and McDonnell 2016 ). This appears to be 624 the most effective approach to GTW utilisation as it separates the lowest grade layer and produces 625 biogas while the higher grade FOG layer is pre-treated and used for biodiesel. 626
627
A circular economy projects the highest grade products from lowest grade raw materials with little to 628 no waste. Research is ongoing into innovative approaches to move away from bioenergy to produce 629 biomaterials from FOG, with a higher value. 630 631
Biomaterials 632 633
Valorising FOG waste into high value biopolymers and other biochemical building blocks offers 634 greater economic benefit (Carus et al. 2011 ). The infrastructure for these processes requires 635 development compared to the more mature processes discussed in this section. Recent studies have 636
shown UCO (which is more readily reusable) and free fatty acids (FFAs) have potential as a substrate 637 for biopolymers (non-toxic, biodegradable plastics) which could replace plastics from petrochemical 638 sources in many applications (Ruiz et al. 2014 ). Polyhydroxyalkanoates (PHAs) are biopolymers 639 produced by bacterial fermentation with the potential to replace conventional hydrocarbon-based 640 polymers (Babu et al. 2013) . Biodegradability and biocompatibility are important characteristics of 641
PHAs. PHAs can be degraded to carbon dioxide and water by a large variety of micro-organisms in 642 nature. PHAs and their derivatives are now used in the field of agricultural, food and biomedical 643 materials. PHA can be produced by varieties of bacteria using several renewable waste feedstocks. 644 645 FFA content of GTW is >15%. By removing impurities of GTW and reducing the moisture content 646 there is potential as a viable feedstock for PHA, however this pre-treatment increases the expense of 647 the process. The raw material cost contributes significantly to the manufacturing cost of PHA. 648 Therefore, renewable inexpensive raw materials should reduce the overall production cost. Crude 649 glycerol, a by-product of the biodiesel transesterification process, is also a viable feedstock for value-650 added conversion into biopolymers or biochemicals (Luo et al. 2016) . 651
652
Recent studies have detailed that bio-oil derived from used cooking oil can be utilised as an asphalt 653 modifier, to increase resistance of pavement surfaces to thermal cracking and reducing additional 654 maintenance (Sun et al. 2016) . 655
656
A recent paper highlighted the potential of GTW from restaurants as a binder in metal injection 657 moulding (MIM). MIM is a manufacturing process which produces intricate and small parts in high 658 volume. The process involves developing the feedstock from metal powder and multi components of 659 binder which through injection moulding form the desired shapes (Ibrahim et al. 2016 ). This 660 highlights another potential utilisation route for diverted FOG waste, which is constantly evolving to 661 produce the highest possible value product from the lowest grade feedstock. This review has clarified the manner in which FOG has been diverted from the sewer system and in 672 doing so illuminates the route that future FOG management programmes can take. Although this 673 paper focused primarily on FSOs, it is evident that further development of domestic campaigns is 674 essential to disrupt the discharge of FOG into the sewer network. The fact that FOG-related problems 675 continue to plague cities is proof that current processes for managing FOG waste are inadequate and a 676 complete diversion of FOG from the urban sewer system is unrealistic. FOG deposits are caused by 677 multiple factors and must therefore be mitigated using various methods. 678
679
Public education campaigns, integrating social media initiatives, are the foundation to reducing FOG 680 and other non-flushables from entering the sewer system. Promoting awareness at school level will 681 engrain the importance of proper FOG treatment at a young age and will deliver it to households from 682 another outlet. A homogenous national or international approach is not apparent due to the related 683 legislation and variety of stakeholders involved in FOG management. 
